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進められており，直交集成板（Cross Laminated Timber, 以下CLT）はそのような中，木質構
造の為に開発された木質系の構造用部材の一つである8）-13）。





























































































































Table1-1 Examples of the connection for CLT.
(a) Screws or 
nails+brackets





(d) LSBs or 
glued-in-rods


























































 0 cos2 ✓ + 90 sin2 ✓        (2)
7




(n + 1) ✓ + (n   1) ✓+90
2n        (3)
この式は，平行層の割合をβとすると，次の様に表わすことができる。
  CLT =   ✓ + (1    ) ✓+90  





 0 sin2 ✓ + 90 cos2 ✓
+ (1    )  0 90
 0 cos2 ✓ + 90 sin2 ✓     (4)’















Fig.2.2 Relationships between embedment strengths and grain angle (θ).
























sin2 ✓min + 1
⌘2


















3 (2    1)
⌘





は，ほぼ直線形となることがわかる。つまり，3層CLTではβ = 0.66…（n=3），5層ではβ = 
0.6（n=5）であり，n→∞とすると，β→0.5となる。そこで，CLTとして想定される範囲内
（0.33… < β < 0.66…）において，面圧強度（σCLT）が最小となる繊維角度（θmin）を次式の
ように近似しても差し支えない。
 
✓min ⇡ ⇡2                  (8)
　式(8)によってあらわされる直線もFig.2.3に重ねて点線で示した。（0.33… < β < 0.66…）
の範囲では，むしろ式(7)よりも，式(8)が良い近似となっていることが分かる。この範囲外
（ β < 0.33…および β > 0.66…）では，直線と曲線の差が大きくなるため，式(8)を近似式と
して用いることが出来ない。 β < 0.33…および β > 0.66… の範囲では式(7)は有効な近似式
となる。
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Fig.2.3 Relationships between grain angle when embedment strength is the minimum (θmin) and 
parallel to the grain layer ratio (β) 
Legend: Rigid line: theoretical equation Eq/(6), Dot-dash line: Trigonometric approximation Eq.(7) 
(when 0<β<1)., Dot line: Linear approximation Eq.(8) (when 0.33<β<0.66).
 2.2.1.3　繊維角度に対する平均面圧強度





























































































Fig.2.4 Test apparatus of embedment test.
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θ=0° θ=30° θ=60° θ=90°
Fig.2.8 Embedment stress (σ) – vertical deformation (δ) curves of each parameters. 
Fig.2.9 Embedment stress (σ) – vertical deformation (δ) mean curves.









Fig.2.10 Embedment failure of odd number layer on each parameter
Legends: 0°: θ=0°, 30°: θ=30°, 60°: θ=60°, 90°: θ=90°
Fig.2.11 The example of embedment failure (θ=30°).
Notes: The dashed circle indicates the exposed of glued surface.














Fig.2.12 Embedment strength (σ) – grain angle (θ) relationships.
Legend: σ5%offset: Yield strength of CLT obtained by 5% offset method50).,  σ5%offset: Yield strength of 
CLT obtained by 2% offset method47)., σlimit: Proportional limit strength of CLT. 5%_calc: Calculated 
embedment strength based on 5% yield strength of laminae. 2%_calc: Calculated embedment 
strength based on 2% yield strength of laminae. limit_calc: Calculated embedment strength based on  































fc0 sin2 ✓ + fc90 cos2 ✓
Ae
n + 1





fc0 cos2 ✓ + fc90 sin2 ✓
Ae
n   1














Fig.2.14 Definition of angle α. Failure of shear test specimens.
Legends: θ: Angle of grain direction against the vertical axis. 
Rigid line: Position of failure surface (As). 
Notes: Failure surface indicates the failure caused the displacement along the grain. When the θ<0, 










⇣  ⇡2 < ✓ <   ⇡2 + ↵⌘
 at
cos ✓
⇣  ⇡2 + ↵ < ✓ < 0⌘
ht




↵ < ✓ < ⇡2
⌘
          (13)
 
↵ = tan 1 a

































  Fsc = min(⌧sAs , fc0Ae0) + fc0Ae90   
 As =  Asc   
19
 Ae0 =  al      





















し，-60°, -30°,0°, 30°, 60°, 90°の6条件とし，試験体数は6-7体ずつとした。
Fig.2.15 Parameters of the block shear tests.


























































































































































Fig.2.17 Shear stress (τ) – vertical deformation (δ) curves of each parameters. 












-60° -30° 0° 30° 60° 90°
Shear failure 
area along the 
grain (As)
0°-30° 30°-60° 60° 90°
Figure of after 
the test
Grain direction
Fig.2.19 Failure of each layer of block shear test
Legends: -60°: θ=-60°, -30°: θ=-30°, 0°: θ=0°, 30°: θ=30°, 60°: θ=60°, 90°: θ=90°
Notes: Grain direction: arrows indicate the grain direction of each layers, Shear failure area along 
the grain (As): shaded areas indicate the shear failure areas. the lateral tensile failures were ignored 



















Fig.2.20 Relationships of  Shear strength (τ) and– gGrain angle (θ). relationships.
Legends: F1: Embedment of odd number layer. F2: Embedment of even number layer. F3: Shear 
failure of odd number layer, F4: Shear failure of even number, τmax: Maximum nominal shear 
strength. τy: Yield nominal shear strength, τlimit: Proportional limit nominal shear strength. Solid 
line: Nominal shear strength (τsc) calculated by Eq.(17).
Notes: F1+F2, F1+F4, F2+F3 divided by Asc to obtain the nominal shear strength τ.
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Table.2.1 Characteristic values of embedment test results.
Legend: Exp.: Test result, C.V.: Coefficient of Variation, Calc.: Estimated result, R.E.: Relative error
Angle θ (degree)



















28.52 26.14 23.43 26.11
10.0% 11.0% 14.0% 12.0%
23.76 19.81 18.24 20.14
83.0% 76.0% 78.0% 77.0%
25.75 23.66 21.25 24.80
15.0% 11.0% 12.0% 14.0%
21.27 17.42 15.98 17.88
83.0% 74.0% 75.0% 72.0%
19.24 20.75 18.45 18.00
43.0% 9.0% 10% 27.0%
15.84 12.98 11.91 13.33
82.0% 63.0% 65.0% 74.0%
Table.2.2 Legend: Exp.: Test result, C.V.: Coefficient of Variation, Calc.: Estimated result, R.E.: 
Relative error.
Angle θ (degree)















4.83 8.11 5.88 6.06 7.28 5.32
9.00% 10.00% 27.00% 4.00% 11.00% 21.00%
3.82 4.95 5.23 4.12 4.19 4.62
5.00% 7.00% 27.00% 11.00% 20.00% 22.00%
3.15 3.20 4.63 3.16 3.17 4.25
40.00% 0.00% 31.00% 1.00% 4.00% 42.00%
2.88 3.66 4.82 3.66 2.88 4.44
99.00% 115.00% 114.00% 116.00% 91.00% 104.00%
Table.2.3 Characteristic values of block shear test results.
Legend: Exp.: Test result, C.V.: Coefficient of Variation, Calc.: Estimated result, R.E.: Relative error.
 
σ0_2%offset σ0_2%offset σ0_2%offset σ0_2%offset σ0_2%offset σ0_2%offset fc0 fc90 τmax
(N/mm2) (N/mm2) (N/mm2) (N/mm2) (N/mm2) (N/mm2) (N/mm2) (N/mm2) (N/mm2)
31.0 12.9 28.0 11.1 20.9 8.3 26.8 4.8 7.1
25




F1+F2 F1+F4 F2+F3 min τmax τy τlimit







2.88 3.05 - 2.88 4.83 3.82 3.15
3.66 4.61 - 3.66 8.11 4.95 3.20
7.22 - 4.82 4.82 5.88 5.23 4.63
3.66 - 3.99 3.66 6.06 4.12 3.16
2.88 - 4.77 2.88 7.28 4.19 3.17





























































Fig.3.1 The components of the CLT drift pinned connection
Legends: Steel plate, CLT, and drift pin.
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Fig.3.2 Modelize of the CLT drift pin connection with winkler model. 


































(a) Conventional finite element model.               (b) Rigid body spring model.
















　　　　　(a)　Tsujino’s rigid body spring model 　(b)Modified rigid beam spring model
Fig.3.4 Rigid beam body spring model
Notes: (a) Beam elements replaced by rigid body and springs, and axial spring elements replaced by  
axial and rotational springs. (b) the model for general purpose software which can analyse 3D frame 
analysis. Instead of the crank shape beam were used to avoid the superposition of the nodes, 





























d             (23)
 km2 = ↵12km            (24)



















 Kh = k0li            (26)
   



















































4            (33)
 
✓ = 2 tan 1 2(     b)



























6            (35)















































         (a)Parallel to the grain direction               　(b)Perpendicular to the grain direction
























































































*For the θ direction loading, we used the Hankinson’s equation to obtain kθ, αθ, βθ, σlθ, σyθ,  kθ+90, αθ+90, βθ+90, σlθ+90, and,  σyθ+90.
34
Table.3.3 Analysis parameters.
Material θ Material θ
C 0 G 0
C 5 G 5
C 10 G 10
C 15 G 15
C 20 G 20
C 25 G 25
C 30 G 30
C 35 G 35
C 40 G 40
C 45 G 45
C 50 G 50
C 55 G 55
C 60 G 60
C 65 G 65
C 70 G 70
C 75 G 75
C 80 G 80
C 85 G 85
C 90 G 90
Table.3.4 Notations for the Table3.2 Characteristic vales for the timber and











Glulam,  k0=k90, σl0=σl90, σy0=σy90, α1=α2, β1=β2 
Grain angle of outer layer
Iitial stiffness
Proportional limit load
Ratio: second stiffness/initial stiffness
Yield load



































Spring for Dowel type fastener
Spring for Timber 1




Fig.3.9 The definitions of stiffness of the model
Notes: kN: Normal spring for the steel beam axial deformation., kS: Shear spring for the steel beam 
shear deformation., kM: Rotational spring for the steel beam bending., Kh: Normal spring for the 
embedment of the timber., Kr: Rotational spring for the embedment of the timber., l1: length of the 














































(a)left: Stress (σ)-strain (ε) relationship of the drift pin obtained from the three point bending test.
(b)right: Stress (σ) - deformation (δ) relationships of the laminae obtained from the embedment tests. 





































































Notes: Dash line indicated the deformation of the drift pin under 0kN, Rigid line indicates the 




























































































 3  6  6  1  15 7 
 3  6  6  1  15 7 
 30 6  6  12  15 7 














Fig.3.11 Deformation change of the drift pin during monotonic loading.
Legends: 0°: θ=0°, 30°: θ=30°, 60°: θ=60°, 90°: θ=90°
Notes: *The halves of the specimens were analysed and reflected on the other side. Deformations 
drawn every 5kN from 0 kN to 35kN. **Vertical axis: vertical deformation, Lateral axis: distance 






















































Fig.3.12 Example of movement of the rotational center of the drift pin (θ=90).
Notes: distance from the left edge x = 5-15 mm was close upped. Deformations drawn on vertical 
deformation at the center of the drift pin (δc) =3, 0.5d, d, 2d, 3d (d=16mm, diameter of the drift pin). 
δ=3 and  3d were expressed by rigid line, the others were drawn by dot line. ○: The point at y=0 
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     (a) Glulam                                                         (b)CLT

















































































2 + f1t1d + f2(t2   x)d   f2xs   f3t3d
0 = My + f1t1d
⇣
t1
2 + t2 + t3
⌘











2 + f1(t1   x)d   f1xd   f2t2d   f3t3d










2 + t2 + t3




0 = py2   f3xd





2   f2xd   f3t3d










2   f1xd   f2t2d   f3t3d
0 = 2My   f1xd
⇣
x
2 + t2 + t3
⌘   f2t2d ⇣ t22 + t3⌘   f3t t23
2
d
    (41)
ただし，式(36),(37),(39),(40)には式(41)が，式(38)には式(42)が条件として与えられる。
    0 < x < t          (42)
 
0 < x <
t





   
(
t1 = t2 = 2t3 = t = l5
f1 = 2 f2 = f3 = Fe          (44)
　















































 My  ドリフトピンの曲げ降伏モーメント（全塑性） = F・d3/6（Nmm）








































































Fig.3.16 Calculation table for CLT drift pin joint


































Fig.3.17 Image of the CLT drift pinned connection and test specimen.
CLT l=150mm Drift Pin
=16mm 
Oil Jack 200kN 
Load cell 100kN 
Steel Plate t=9mm 
700 
224 




































(a) End distance (e1), Edge distance (e1), Drift pin diameter (d), Drift pin strength (F)






Legends: θ=0, 45, 90 (°)
Fig.3.19 Tensile test parameters
Notes: Appropriate combinations of the parameters were chosen to compare each parameter as 
Table.3.5.
Table.3.5 Tensile test parameters















































































Fig.3.20 Definitions of the characteristic values of the tensile test. 
Legends: k: Initial stiffness., Pmax: Maximum load., δmax: Deformation at maximum load., Plimit: 
Proportional limit load., Py: Yield load obtained by the 5% offset method50)., δlimit: Deformation at 
proportional limit load., δy: Deformation at yield load.





























































































































0 1   3  4  
Displacement (mm)























































































Fig.3.21Load-deformation (P-δ)  envelope curves of tensile tests. 























































































Fig.3.22 Initial stiffness (k)












































































Fig.3.23 Proportional limit load (Plimit)

















































































Fig.3.24 Yield load (Py)












































































Fig.3.25 Maximum load (Pmax)





















































































0.0"" 1.0"" 2.0"" 3.0"" 4.0"" 5.0""
Fig.3.26 Comparison of yield load (Py) between test results and estimated values by EYT (Eq.(45) 
and Eq.(56))
Legends: □, ◇, △:Proportional limit load (Plimit) ,  ■, ◆, ▲: Yield load (Py), 
Rigid line: Yield load obtained from conventional EYT and Eq.(4)., 
Dashed line: Yield load obtained from EYT Eq.(45) and Eq.(46)
Notes: error bar indicates the 5 percentile upper and lower limit values.

































Fig.3.27 Grouping of the failure mode around the connection.
Notes: Rigid line indicates the split failure. Legend: A:The split from the slit. B:The block shear on 
the central layer., C1:The de-lamination around the glued layer., C2: The separation of the middle 

























































































B+C2# C2# B+C1# A#
Fig.3.28 Frequency of appearance of the failure mode of Fig.3.27
51






































































































































































































































































































































































































Fig.3.34 Load-deformation (P-δ) relaionships（e1,e2=7d,7d）（θ=0, 45, 90°）











































Drift pin Steel Plate
                     (a) Test result                                          (b) Numerical analysis
Fig.3.35 Example of the deformation of the drift pin after the test






































(a) Mean envelope curves of the test results (b) Numerical analysis
Fig.3.36 Example of the Load deformation (P-δ) curves.
Legend: (0°, blue, dark):θ=0°, (45°, red, gray):θ=45°, (90°, light green, light):θ=90°, 












































       Fig.3.37 Initial stiffness (k)                                            Fig.3.38 Yield load.




































































































Fig.4.2 Apparatus of the three point bending test for the screw.




























Angle θ (rad) 
　(a )P-δ relationship　　　　　　　　　　　　(b)M-θ relationship


















p3 Mode3          (53)
ここでp1，p2，p3はそれぞれのMode1，Mode2，Mode3，が生じる場合の3層CLTの降伏荷重
である。
p1 = fhdt1            (54)
p2 = min(p21 , p22)           (55)
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f1dt2           (61)
 
p32 = f1dl 
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p33 = f1dl 























   (65)
　ここで，
 d  接合具径（mm）
 l  接合具長さ（mm）
 F  接合具強度（N/mm2）
 f1  繊維平行層の面圧強度（N/mm2）
 f2  繊維直交層の面圧強度（N/mm2）
 β1,2  面圧強度の比，= f2/f1
 t  ラミナ厚さ（mm）
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ここで，
 Mp-single 側材近傍における全塑性モーメント(Nmm)
 Mp  接合具の全塑性モーメント(Nmm)
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P(✓s) = Py cos ✓s + Pax sin ✓s + N (✓s)

























2Ln p ax +  2p ax         (74)
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“L60”-Major diameter: 6.4mm, Miner diameter: 4.0mm, Spindle diameter: 5.5mm, Pitch: 3.0mm, 
Head diameter: 10.5mm, Head thickness: 3.0mm, Spindle length 10.0mm, Effective length: 46.0mm, 
Tapper length: 8.5mm.
“L90”-Major diameter: 6.6mm, Miner diameter: 4.0mm, Spindle diameter: 5.5mm, Pitch: 3.0mm, 





Symbols Specimen name Screw 
position



























































































































 Fig.4.8 Tensile test apparatus of the connection
Table.4.3 Loading cycle
step Displacement. Raito 





























Fig.4.9 Load-deformation (P-δ) relationships




































































































































































Fig.4.10 Load-deformation (P-δ) relationships

























































































































































Fig.4.11 Effect of the cyclic loading.





































Fig.4.13 Load - deformation (P-δ) relationships 
Red line: numerical analysis, Blue rigid line: mean curve of cyclic loading, Blue dashed line: 
monotonic loading.










































(a) θ=0°, thickness of CLT: 150mm, screws: L90 (b)θ=90°, thickness of CLT 135mm, screws: L65
Fig.4.14  Examples of load - deformation (P-δ) relationships 
Red line: estimated curve by Chapter 4.2.3. Blue line: monotonic loading. Light blue: mean curve of 































































Fig.5.2 Analysed behavior of the connection on the shear wall.
Notes; arrows indicate the direction and scholar quantities of the force applied on the connection 


























Fig.5.3 Shear wall test parameters.
Legend: DPW1: Normal type: number of drift pins nd=12, DPW2-1: Concentrated type: nd=7, 
DPW2-2:Edge type: nd=7, DPW2-3: concentrated type: nd=5
5.3.2　実験の方法
　Fig.5.4に試験装置を示す。接合金物は鋼製の載荷フレームに高力ボルトを用いて緊結し
























　    =
 1    2
H  （見かけのせん断変形角）      (79)
　  ✓1 =
 3    4
B  （接合部の回転角）       (80)























































































































Deformation angle R (rad)
DPW2-3






















Fig.5.6 Envelop curves and perfect bilinear replaces of test results.
Legend: Rigid line: Elato-plastic approximations, Dashed line: envelop curves of test results.
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Table.5.1 Characteristic values of elasto-plastic approximation.
DPW1 DPW2
1-1 1-2 1-3 C.V. Ave. 2-1 2-2 2-3




Yield load Py (kN)
Ultimate load Pu (kN)
Maximum deformation 
angle γmax (rad)
Yield deformation angle γy (rad)
first break point γv (rad)
Ultimate deformation 
angle γu (rad)
Initial stiffness K (kN/rad)
Ductility factor μ δu/δy





min(①, ②, ③, ④) P0 (kN)
0.91 0.91 0.91 - - 0.91 0.91 0.91
73.33 70.64 71.39 2% 71.79 58.52 45.09 44.16
47.54 47.00 - 1% 47.28 32.35 28.51 23.39
68.55 65.05 74.30 7% 69.30 52.57 41.81 39.29
0.02 0.02 0.01 45% 0.02 0.03 0.02 0.03
0.01 0.01 0.01 29% 0.01 1E-02 0.01 0.01
0.01 0.02 0.01 37% 0.01 0.02 0.01 0.01
0.03 0.03 0.01 51% 0.02 0.04 0.04 0.05
5179 3959 9941 50% 6360 3243 3299 3186
2.14 1.57 1.18 30% 1.62 2.74 3.04 4.15
0.55 0.68 0.86 22% 0.70 0.47 0.44 0.37
47.57 47.00 - 1% 47.28 32.35 28.51 23.39
24.80 19.00 17.29 19% 20.36 22.25 18.85 21.23
48.89 47.10 47.59 2% 47.86 39.01 30.06 29.44
36.11 28.06 66.74 47% 43.64 23.94 22.30 20.94














Rocking Shear Bending 
+ + 
In plane deformationγ0 Joint deformationθ 
Fig.5.7 Definitions of the symbols for the analysis of the deformation of the CLT shear wall.
Notes: Joint deformation (θ) is the different variable values with the grain angle (θ) on the chapter.2, 























































































































































































































































































Rotation angle of jointθ




























12            …(85)





























+ b 2 δ5 
Fig.5.9 Definitions of the symbols for the Eq.(82) to Eq.(86)
Legends: δ5: Displacement which measured by transducer #5 in Fig.5.4.
Table.5.2 Characteristic values of CLT
Legends: G: Shear elastic modulus, E: Young’s modulus.
2-1 2-2 2-3 C.V. Ave.

	 G N/mm2 724 769 491 23% 661



















































































































































































































































































































































CLTE, G, I, A 
Rigid Beam 
Spring Element 
Drift Pin Jointk0, p0, α 
Δδ 
 
Fig.5.16 frame model for the CLT shear wall
Legends: Beam: CLT wall, Springs: drift pin connections.
Table.5.3 Characteristic values for the analysis.
E G t k0 p0 α
(N/mm2) (N/mm2) (mm) k(kN/mm) (kN) -





























Rotation angle γ (rad)





























































Fig.5.17 Load deformation angle (P-γ) relationships.
Legends: Rigid line: envelop curves of the test results. Dashed line: Computed results. Dotted line: 
Computed results. Compression spring (kc=200kN/mm)62) were added at the right bottom edge of the 












































Drilling Inserting of the steel pipe 
Compression of the steel pipe  
 
(c) Compression method of the steel pipe 
 
 
(a) Nuki joint (b) Lattice shear wall (d) Partial compression test of steel pipe 






















dn = 48.6 mm
1.8 mm








Table.6.1 Material properties for the analysis of the steel tube nuki joint shear wall.
value
Young’s modulus of kitayama log Ew (N/mm2)
Vertical compression stiffness of timber per unit area ks (N/mm/mm2)
Embedment strength of timber fw (N/mm2)
Young’s modulus of steel Es (N/mm2)
bending strength of steel Fs (N/mm2)
partial vertical compression stiffness of steel pipe per unit area kpp (N/mm/mm2)
partial vertical compression yield strength of steel pipe per unit area fp (N/mm2)









































































































  (a) Initial stiffness                                                  (b) Yield load
Fig.6.3 Relationship between stiffness, yield load and compression length (Lc) on the partial 
compression test of the steel tube.
Legends: kep: stiffness of the partial compression test of the tube,  kap : stiffness of the compression 
test of the tube. fp: yield load of the partial compression test of the tube,  fap : yield load of the 







  kep = (1 +Cx)kap          (87)
 fp = (1 +Cx) fap           (88)
ここで
 kep 部分圧縮の初期剛性（N/mm/mm）













































(i)Compression load  (ii)Parabolic distributed 
           load (Nuki joint) 

































































of steel pipe 
(iii)Friction 
between steel 
pipe and log 
(iv)Bending of 
log and steel 
pipe 

























(d) Bilinear model 
with initial slackness 
(i)         (ii)          (iii) 
(d) Spring models 
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           (101)
　Nはksとkppよりなる単位直列ばねの剛性より求めた。なお，貫接合部に生じる摩擦偶力





































 ,           (105)
ここで
 θwy  木部の縦圧縮による降伏変形角（rad）






















































































































































  (a)Rotational test of the nuki joint.              (b) Horizontal loading test of the shear wall.
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Left: Fig.6.6 Example of the Moment-rotational angle(m-θ) curves of the nuki joint.
 Right: Fig.6.7 Reduction of the initial slackness caused of the compression method. 

































(a) Initial stiffness                                      (b) Yield moment.
Fig.6.8 Example of the test result and calculated characteristic values.
Legends: Rigid line: Calculated initial stiffness(k) and yield moment(my) on Chap.6.2.2.
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□, △:  values obtained from the first quadrant of the m-θ relationships.  ■, ▲: values obtained from 
the third quadrant of the m-θ relationships. 















 Table.6.3 Characteristic values.
Soecimen 
name
Pmax Py K R0×103 θy×103
(kN)
(kN) (kN/rad) (rad) (rad)















12.6 9.4 8.01 215.0 250.1 6.5 8.4 55.1 51.2
12.7 10.9 8.3 179.7 223.6 6.1 9.2 70.5 51.8
12.3 8.5 8.8 241.9 233.4 14.9 9.4 54.9 51.1
12.5 9.6 8.4 212.2 237.9 9.2 9.0 60.2 12.4
2% 13% 5% 15% 6% - - 15% 5%
12.4 10.9 8.6 212.7 233.4 1.5 3.8 60.3 43.2
15.4 10.6 11.1 185.7 332.6 -2.6 7.1 58.7 44.3
15.4 10.4 10.2 220.5 296.0 -0.6 4.3 49.2 41.4
14.4 10.6 10.0 206.3 287.3 -0.6 5.1 56.1 8.2
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Fig.6.10 Moment-deformation angle relationships of the shear wall test.
Legends: Rigid line: Test results. Dashed line: Estimated initial stiffness (K) and yield moment 
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